Objective. The goal of this prospective study was to assess the reliability of plain radiographs, computed tomography (CT), and magnetic resonance imaging (MRI) to detect a pseudarthrosis after an anterior cervical fusion compared with intraoperative exploration.
Anterior cervical discectomy and fusion (ACDF) is a widely used technique for the operative treatment of cervical disc herniation, cervical spondylosis, and cervical spinal stenosis. Although generally successful with a low incidence of major complications, nonunion rates following attempted ACDF range from 0% to 20% for single-level fusions, but may be as high as 50% after multilevel procedures depending on the number of levels fused and the type of bone graft used. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The pseudarthrosis rate is affected by the number of operative levels, the type of graft used, and the surgical technique. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Although some patients with pseudarthrosis may be asymptomatic, failure to achieve a solid fusion can lead to continued pain and poor functional outcome. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] As the number of fusion procedures being performed has dramatically increased over the last decade, accurate diagnosis of pseudarthrosis has become even more critical. Although detection of pseudarthrosis by various methods including plain radiographs, computed tomography (CT), and magnetic resonance imaging (MRI) has been described, 16 -22 to our knowledge no studies have compared the findings on these studies against the gold standard of intraoperative exploration of fusion to determine which is most accurate. The goal of this prospective clinical study was, therefore, to assess the reliability of plain radiographs, CT, and MRI to detect a pseudarthrosis after ACDF compared with intraoperative exploration.
Materials and Methods
After approval from the local institutional review board, 14 consecutive patients who required revision anterior cervical spine surgery including re-exploration of their prior anterioronly cervical fusion were enrolled in the trial in a prospective manner. There were 7 (50%) men and 7 women (50%) with an average age of 47.8 Ϯ 8.0 years (range, 40.0 -63.2 years, median 47.5 years). Patients previously underwent an anterior cervical fusion at least 6 months before presentation with an average time from the index procedure until exploration of 4.1 Ϯ 3.6 years (range, 6 months to 14.9 years, median 3.0 years). The indications for reoperation were radiculopathy and/or myelopathy, adjacent level disease, and/or pain due pseudarthrosis. Patients with tumors, infections, and/or congenital anomalies were excluded from the study.
Before surgery, all patients had plain radiographs, a CT scan, and an MRI scan of their cervical spine. All studies were done within a month of the exploration at a single institution. Plain radiographs were performed in an upright position and included static AP, static lateral, and lateral flexion/extension views. The radiograph beam was focused on C4 and radiographs were taken from a distance of approximately 72 inches. For the AP view, the patients' neck was extended slightly to prevent the mandible from being superimposed on the cervical spine. For the static lateral and lateral flexion/extension views, the patients were positioned to assure a true lateral view. The flexion/extension views were patient-exerted. All CT scans were obtained using 1.5 mm intervals with coronal and sagittal reconstructions. All MRI scans were performed using a closed 1.5 Tesla scanner and images used for detection of a pseudarthrosis included T1-weighted and T2-weighted axial and sagittal images.
Intraoperatively, patients underwent a thorough uncinateto-uncinate exploration of their prior fusion by the senior author using a high-powered microscope. In the vast majority of cases, it was readily evident whether there was a solid fusion or a pseudarthrosis. If there was a question as to whether a pseudarthrosis was present or not, the anterior cap of the corticalized graft was removed to confirm the presence of a pseudarthrosis. All revision surgeries were performed more than 6 months after the index cervical fusion.
Three fellowship-trained spine surgeons uninvolved in the care of the patients evaluated the plain radiographs, CT scans, and MRI scans in a random, blinded order. Evaluation of the plain radiographs, CT scans, and MRI scans was separated by at least 2 weeks for each reviewer. The fusion level was checked and graded as fused, not fused (i.e., pseudarthrosis), indeterminate, or inadequate study (e.g., inadequate motion on flexion/ extension or too much artifact on CT or MRI). A level was interpreted as fused on plain radiographs when bridging trabeculae were seen and when there was less than 1 mm of interspinous process motion on flexion/extension. A level was interpreted as not fused on plain radiographs when there were no bridging trabeculae and/or if there was more than 1 mm of interspinous process motion on flexion/extension. A level was deemed indeterminate when there was neither clear evidence of fusion nor clear evidence of a nonunion. A level was interpreted as fused on CT scan when bridging trabeculae were seen, and conversely a level was interpreted as not fused when no bridging trabeculae were seen and/or if bony lucency was seen at the graft/vertebral body junction. As on the plain radiographs, a level was deemed indeterminate on CT scan when there was neither clear evidence of a fusion nor clear evidence of a pseudarthrosis. A level was interpreted as fused on MRI scan when there was evidence of bony bridging from endplate to endplate without signal alteration at the graft/vertebral body junction. A level was interpreted as not fused on MRI scan when there was a loss of signal intensity at the graft/ vertebral body junction and/or when no bony bridging was seen.
In order to assess the intraobserver agreement across the 3 diagnostic methods, (i.e., the agreement between intraoperative findings and each of the 3 diagnostic methods) and the interobserver agreement within each diagnostic modality (i.e., the agreement between the observers for each of the 3 diagnostic methods) the Kappa statistic was calculated. The Kappa statistic is an index which compares the agreement against that which might be expected by chance (i.e., a chance-corrected proportional agreement) with possible values ranging from ϩ 1 (perfect agreement) to 0 (no agreement above that expected by chance) to Ϫ1 (complete disagreement). A Kappa statistic of 0.01 to 0.20 suggests a slight agreement, 0.21 to 0.40 a fair agreement, 0.41 to 0.60 a moderate agreement, 0.61 to 0.80 a substantial agreement, and 0.81 to 1.00 almost a perfect agreement.
Results
Of the 14 patients included in this prospective trial, 8 had evidence of pseudarthrosis on intraoperative exploration and the remaining 6 patients had a solid fusion. Case examples are shown in Figures 1 through 3 . Assessment of the fusion status using plain radiographs alone agreed with the results of intraoperative exploration an average of 81.0% of the time (range, 71.4%-92.8%) ( Table 1) . Assessment of the fusion status using CT scans alone agreed with the results of intraoperative exploration an average of 83.3% of the time (range, 78.6%-85.7%) ( Table 1) . Assessment of the fusion status using MRI scans alone agreed with the results of intraoperative exploration an average of 66.7% of the time (range, 57.1%-85.7%) ( Table 1 ). When the observers were able to use plain radiographs, CT scans, and MRI scans in concert, the agreement between radiographic studies and intraoperative findings increased to 85.7% (range, 78.6%-92.3%).
Assessment of the agreement between intraoperative and radiographic findings revealed a mean Kappa statistic of 0.67 (range, 0.51-0.75, P Ͻ 0.05) for plain radiographs, 0.81 (range, 0.71-0.87, P Ͻ 0.05) for CT scans, and 0.48 (range, 0.32-0.71, P Ͻ 0.05) for MRI scans (Table 2) . When all studies were taken into consideration, the mean Kappa statistic increased to 0.85 (range, 0.71-1.00, P Ͻ 0.05) ( Table 2 ). Assessment of paired interobserver reliability revealed a mean Kappa statistic of 0.46 (range, 0.31-0.55, P Ͻ 0.05) for plain radiographs, 0.82 (range, 0.73-0.87, P Ͻ 0.05) for CT scans, and 0.32 (range, 0.21-0.40, P Ͻ 0.05) for MRI scans (Table 3) . When all radiographic studies were taken into consideration, paired interobserver reliability had a mean Kappa statistic of 0.70 (range, 0.55-0.85, P Ͻ 0.05) ( Table 3) .
Discussion
Although ACDF is a highly successful technique with low incidence of major complications, pseudarthroses after anterior cervical fusions are not infrequent occurring in up to 20% of single-level fusions and 50% of multilevel procedures depending on the number of levels fused, the type of graft used, and the surgical technique. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Because failure to achieve a solid fusion can lead to continued pain and poor functional outcome, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] accurate and reliable assessment of fusion status is critical.
Various methods for detecting a pseudarthrosis after an anterior cervical fusion have been described in the literature using plain radiographs, CT scans, and MRI scans to assess the fusion status. 16 -22 The earliest, and perhaps most commonly described, method to evaluate the fusion status after an anterior cervical fusion has been the use of plain radiographs particularly flexion/ extension views. Fusion is thought to be solid when there is no motion on flexion/extension and when bridging trabeculae are seen across the fused levels. 16 -22 Although the presence of motion can be assessed using various methods such as measuring the Cobb angle or the distance between the tips of the spinous processes of the surgically managed levels, a change of more than 2 mm in the interspinous process distance from flexion to extension on dynamic lateral radiographs appears to be the most reliable method with a correlation of 0.77 (P Ͻ 0.001) to a known pseudarthrosis. 18 Assessment of fusion status by the presence or absence of trabeculation has been shown to be unreliable. 19 Our results are similar to those of Cannada et al 18 : in the present study, the agreement (Kappa statistic) between plain radiographs including AP, lateral, and lateral flexion/extension views and intraoperative findings was substantial at 0.67 (range, 0.51-0.75, P Ͻ 0.05) and the findings on the plain radiographs were in agreement with intraoperative diagnosis 71.4% to 92.8% of cases depending on the observer (Tables 1 and 2 ). The paired interobserver reliability was found to be moderate at 0.46 (range, 0.31-0.55, P Ͻ 0.05) ( Table 3) .
With the increasing popularity of CT scans over the course of the last decade, numerous authors have found that this imaging modality especially when combined with coronal and sagittal reconstructions can increase the accuracy of fusion assessment. Most recently, Ploumis et al found in a review of 47 patients 9 to 15 months Figure 1 . Plain radiographs including lateral flexion (A) and extension (B) views, sagittal CT reconstruction (C) and a sagittal T2-weighted MRI (D) of a 40-year-old man with a pseudarthrosis at C5-C6 following an anterior cervical discectomy and fusion at C5-C6 and C6 -C7. In this patient, all 3 reviewers were able to assess the fusion status correctly on all 3 studies.
after cervical fusion surgery that CT scan assessment led to a higher pseudarthrosis rate than plain radiographs (13%-31% for CT scans depending on the observer compared with 2% to 16% for plain radiographs depending on the observer). 20 The authors also found that the interobserver agreement was higher for CT scans than plain radiographs (89% vs. 81%). 20 Similar results were found by Epstein et al who, based on a review of 18 patients who underwent anterior cervical corpectomy and fusion (averaging 2.9 levels) with a fibular strut allograft combined with posterior wiring and fusion, recommended CT scans with coronal and sagittal reconstructions to more accurately assess fusion status and amount of bony ingrowth into the fibular strut. 21 In a subsequent study of 46 patients who underwent a singlelevel corpectomy and fusion, Epstein and Silvergleide found that 3 months after surgery, plain radiographs documented fusion in 83% of patients compared with CT scans which documented a fusion in only 50% of patients. 22 Six months after surgery, plain radiographs documented fusion in 96% of patients compared with CT scans which documented a fusion in 70% of patients. On the basis of these results, the authors felt that CT scans were a more accurate assessment tool of fusion status than plain radiographs. 22 In our experience, we also have found CT scans to be a more accurate test for detection of a pseudarthrosis. In the present study, the findings on the CT scans were in agreement with intraoperative findings 78.6% to 85.7% of cases depending on the observer with a Kappa statistic of 0.81 (range, Figure 2 . Plain radiographs including lateral flexion (A) and extension (B) views, sagittal CT reconstruction (C) and a sagittal T2-weighted MRI (D) of a 63-year-old man with a pseudarthrosis at C4 -C5 after an anterior cervical discectomy and fusion at C3-C4 and C4 -C5 and a anterior cervical discectomy and fusion at C5-C6 performed in the remote past. In this patient, all 3 reviewers were able to correctly assess the fusion status on CT scan, but only 1 of 3 reviewers correctly identified the pseudarthrosis on plain radiographs and MRI.
0.71-0.87, P Ͻ 0.05) (Tables 1 and 2 ). The paired interobserver reliability was also extremely high with a Kappa statistic of 0.82 (range, 0.73-0.87, P Ͻ 0.05).
Although MRI scans have been used to assess fusion status in several studies, magnetic susceptibility artifact makes this modality less reliable than CT scans, 21 ,23,24 a finding confirmed in this study where the findings on the MRI scans were in agreement with intraoperative findings 57.1% to 85.7% of cases depending on the observer ( Table 1 ). The agreement (Kappa statistic) between MRI scans and intraoperative findings was moderate at 0.48 (range, 0.32-0.71, P Ͻ 0.05) ( Table 2 ). The paired interobserver reliability was fair with a Kappa statistic of 0.32 (range, 0.21-0.40, P Ͻ 0.05).
Not surprisingly, a combination of all 3 imaging methods correlated most closely with intraoperative findings: when plain radiographs, CT scans and MRI scans were used in concert to asses the fusion status, the agreement between the radiographic studies and intraoperative findings increased from 78.6% to 92.3% (Table 1). Similarly, the Kappa statistic increased to 0.85 (range, 0.71-1.00, P Ͻ 0.05) ( Table 2 ). The paired inter- Figure 3 . Plain radiographs including lateral flexion (A) and extension (B) views, sagittal CT reconstruction (C) and a sagittal T2-weighted MRI (D) of a 42-year-old man with a pseudarthrosis at C5-C6 following an anterior cervical discectomy and fusion at C5-C6 and an anterior cervical discectomy and fusion at C6 -C7 performed in the remote past. In this patient, 2 of the 3 reviewers were able to correctly assess the fusion status on plain radiographs, and only 1 of the 3 reviewers correctly identified the pseudarthrosis on CT scan and MRI.
observer reliability had a mean Kappa statistic of 0.70 (range, 0.55-0.85) ( Table 3) .
Although the results of this study indicate that advanced imaging (i.e., CT and MRI scans) can be helpful in diagnosing a pseudarthrosis, and in particular, CT scans appear to be highly accurate for determining the fusion status, the use of these methods has disadvantages. Both CT and MRI scans increase the cost of delivering care. In addition, CT scans also results in increased radiation exposure to the patient. We, therefore, do not routinely recommend obtaining either MRI or CT scans routinely as part of the standard postoperative care of patients who have undergone an anterior cervical fusion. We believe that if the plain radiographs (particularly flexion/extension views) are adequate, there is no motion with flexion/extension, the bone appears to have incorporated, and there is a progression of plain radiographs that shows the incorporation of the graft, the additional studies may not be necessary. If, on the other hand, the patient presents with new or persistent symptoms and/or if there is a question whether there is a solid fusion or not, the additional studies may be needed. If there are any questions with respect to the fusion status, we believe that it is necessary to obtain a CT scan to make the final determination.
Conclusion
Even though numerous prior studies have described the efficacy of plain radiographs, CT scans, and MRI scans in fusion assessment, none of the studies have compared the ability of these imaging methods to detect a pseudarthrosis against the gold standard of intraoperative exploration of fusion to determine which is most accurate. In the present study, the goal of which was to assess the reliability of plain radiographs, CT, and MRI to detect a pseudarthrosis after ACDF compared with intraoperative exploration, we found that a combination of all 3 imaging methods correlates most closely with intraoperative findings. When only a single imaging modality is employed, CT scans most closely agree with intraoperative findings compared with plain radiographs or MRI scans. We therefore recommend that reconstructed CT scans be used in any study that relies on fusion status assessment. It is important to realize, however, that even with all 3 diagnostic methods, it is possible to misdiagnose a pseudarthrosis.
Key Points
• A prospective trial was performed in order to assess the reliability of plain radiographs, CT, and MRI to detect a pseudarthrosis after an anterior cervical fusion against the gold standard of intraoperative exploration of fusion to determine which is most accurate.
• Assessment of the agreement between intraoperative and radiographic findings revealed a mean Kappa statistic of 0.67 (range, 0.51-0.75, P Ͻ 0.05) for plain radiographs, 0.81 (range, 0.71-0.87, P Ͻ 0.05) for CT, and 0.48 (range, 0.32-0.71, P Ͻ 0.05) for MRI. When all studies were taken into consideration, the mean Kappa statistic increased to 0.85 (range, 0.71-1.00, P Ͻ 0.05).
• Assessment of paired interobserver reliability revealed a mean Kappa statistic of 0.46 (range, 0.31-0.55, P Ͻ 0.05) for plain radiographs, 0.82 (range, 0.73-0.87, P Ͻ 0.05) for CT, and 0.32 (range, 0.21-0.40, P Ͻ 0.05) for MRI. When all radiographic studies were taken into consideration, paired interobserver reliability had a mean Kappa statistic of 0.70 (range, 0.55-0.85, P Ͻ 0.05).
• The results of this prospective study indicate that CT scans most closely agree with intraoperative findings compared with plain radiographs or MRI, and we therefore recommend that CT scans be used in any study that relies on fusion status assessment. 
